ABSTRACT We describe three specimens from a Late Mississippian (earliest Serpukhovian) pteridosperm (seed fern) Triphyllopteris austrina (Etheridge Jr.) Morris, of probable lyginopterid afÞnities, which originates from the Sugar Loaf Creek locality of the Sydney Basin, Australia. These specimens provide six examples of folivory assigned to the ichnotaxon Phagophytichnus ekowskii van Amerom 1966. This damage is the earliest example of folivory in the terrestrial fossil record and probably was produced by a "protorthopteroid" or other basal orthopteroid insect, although a more remote possibility is that the culprit was a diplopod. Three important consequences result from this discovery. First, leaves originated 76 million years (m.y.) before the Þrst indication of their folivory. Second, a temporal lag of 6 m.y. is present between the occurrence of T. austrina folivory and the subsequent earliest appearance of herbivorous insect clades in the body-fossil record that could have caused the damage. Third, once the hurdle of folivory was breached, the overwhelming preference of Paleozoic insect folivores was on a taxonomically diverse, paraphyletic spectrum of pteridosperm hosts.
Leaves are the most conspicuous plant organ, and they contain an immense source of tissues that herbivores consume in terrestrial ecosystems. Leaves are preferentially represented in the fossil record when compared with stems, roots, fructiÞcations, and seeds (Behrensmeyer and Hook 1992), and they represent an architectural wealth of morphologies and tissue types available to consumers to arthropods in general and insects in particular. Additionally, leaves and other types of foliage are major sites of mechanical and biochemical defense of plant tissues from arthropod herbivores (Juniper and Southwood 1986 . Evidence indicates that the overwhelming locus of herbivory in extant terrestrial ecosystems is on foliage (Crawley 1983) , which confers on these organs a preeminent role in expressing host-speciÞc to host-limited consumption patterns (Juniper and Southwood 1986 . Plant loss through root consumption also has been emphasized in recent studies (de Kroon and Visser 2003) , albeit it is leaves that offer the greatest amount of biomass available for consumption in almost all ecosystems (Saugier et al. 2001) , and overwhelmingly they suffer the greatest tissue loss to herbivores of any plant organ (Schowalter 2000) . Consequently, leaves constitute the major and most available plant organ in the fossil record by which arthropod and especially insect associations can be detected in terrestrial ecosystems.
Because leaves are the major nutritional source organ for terrestrial herbivores, there has been interest in the earliest occurrences of folivory in the fossil record (van Amerom and Boersma 1971 , Scott et al. 1992 , Labandeira 1998 . Fortunately, leaves have a persistent and ubiquitous fossil record that commences and expands from the mid Early Devonian to Early Mississippian interval (Gensel 1984 , Hao and Beck 1993 , Boyce and Knoll 2002 , Hao et al. 2003 . During this time, four major clades of tracheophytes (vascular plants) independently evolved leaves possessing a homologous developmental origin and characterized by primitively multiveined, laminate structures whose venation was supplied by strands of vasculature either from a continuous cylindrical protostele or a stem-housed stele associated with a leaf gap (Eggert 1962 , Namboodiri and Beck 1968 , Boyce and Knoll 2002 . These convergent, planated structures are referred to as megaphylls, and they originated independently and in parallel among progymnosperms, sphenopsids, ferns, and seed plants Knoll 2002, Boyce 2005a) , and they may have been induced by a common physical cause, such as changes in atmospheric CO 2 levels (Beerling et al. 2001) . During the past Ϸ410 m.y., major terrestrial deposits, especially those representing lacustrine, ßuvial, deltaic and paludal environments, have preserved leaf ßoras, frequently at high levels of anatomical detail, abundance, and diversity (Behrensmeyer and Hook 1992) , that represent the evolutionary products of these four leaf origins. Among the four, only progymnosperms became extinct, during the Early Mississippian (Beck 1976) .
Fortunately, leaf ßoras have produced a qualitative and quantitative wealth of arthropod-mediated damage types that are documented from the Middle Pennsylvanian to the Recent. Paleoecological analyses of these leaf ßoras have charted the spatiotemporal expansion of herbivory by documenting patterns of preferential targeting of particular plant subclades, the radiation of particular insect herbivore clades or feeding types, and the ecological expansion of particular plant-insect associations (Scott and Taylor 1983; Ash 1997; Wilf and Labandeira 1999; Wilf et al. 2000; Labandeira et al. 1994 . Biologically damaged fossil leaves are the only direct sources of documenting the historical effect of folivorous arthropods on once-live foliar tissue. In particular, they record speciÞc associations with arthropods based on diagnostic or otherwise characterizable types of foliar damage (van Amerom 1966 , Scott et al. 1992 , Grauvogel-Stamm and Kelber 1996 , Ash 1997 , Castro 1997 , Beck and Labandeira 1998 , Scott and Titchener 1999 , Wilf and Labandeira 1999 .
Geological and Paleobotanical Setting. The material of this study occurs in nonmarine strata at the top of the McInnes Formation, in the Sydney Basin of New South Wales, Australia (Morris 1980; Fig. 1) . This local section is part of the Stroud-Gloucester Syncline, which is encompassed by the Myall Block of Southern New England Orogen in eastern Australia. The plantbearing strata consist of arenites with subordinate conglomerate, siltstone, shale, chert, and coal, interpreted as a ßuvial system that developed proximal to an ancient shoreline. Thin volcanic deposits also are present within the McInnes Formation (Roberts 1985) . The previous age assignment of this unit was early Namurian based on palynological evidence (Kemp et al. 1977) . Roberts et al. (1995) have used the SHRIMP age-dating method on zircon crystals from volcanic tuff layers that originate from within the Johnsons Creek Conglomerate, immediately above the McInnes Formation. These authors have proposed an earliest Serpukhovian age for the unit within the McInnes Formation containing the ßora of interest (Fig. 1, middle) . This date corresponds to an absolute age of Ϸ324 million years ago (Ma) based on the Davydov et al. (2004) scale (see also Menning et al. 2000) . Therefore, an earliest Late Mississippian (earliest Serpukhovian) age has been established for this unit by both biostratigraphic and geochronologic methods. All plant specimens retrieved from the McInnes Formation are preserved as adpressions on a greenish siltstone matrix.
The specimens under consideration have not been illustrated nor described previously. However, similar material has been reported as Triphyllopteris austrina (Etheridge Jr.) by Morris (1975 Morris ( , 1980 based on specimens found at the same locality and stratigraphic level. Recently, R.I. has reexamined MorrisÕ material attributed to T. austrina. Based on this reanalysis, the material studied herein corresponds in part to T. austrina (Etheridge Jr.) illustrated by Morris (1975) . Only the specimens described and illustrated as T. austrina "minor form" by Morris in 1975 (p. 104 Ð107, pl. 8.I.c, Þg. 8.I.c) and material Þgured as T. austrina (Morris 1980, photo 18.1, Þgs. 8 Ð9) could be considered as conspeciÞc.
The same specimens illustrated as T. austrina by Morris (1975 Morris ( , 1980 ) also have been identiÞed as "Botrychiopsis" by Iannuzzi and Pfefferkorn (2002) based only on literature descriptions. In contrast, specimens in the collections of the Australian Museum are labeled as Fedekurtzia argentina Archangelsky. These three designations are considered herein as invalid, including those used by Morris. Relevant to the current discussion is the holotype of Aneimites austrina Etheridge Jr., which was appropriately reÞgured by Rigby (1973, pl. 1, Þg. 2) and included by him in Botrychiopsis plantiana (Carruthers) Archangelsky and Arrondo (Rigby 1985) . However, in our opinion, the specimens under consideration and those described by Morris exhibit sufÞciently distinct and diagnostic features that they should be excluded from B. plantiana and F. argentina. Instead, these specimens should be considered as a new taxon, apparently conÞned to Australia. To avoid an indeterminate designation for these specimens in the present article, we are adopting here the binomen of Morris (1975) , namely Triphyllopteris austrina (Etheridge Jr.) "minor form." We acknowledge that additional studies are needed to establish a correct taxonomic assignment for this taxon.
Co-occurring with T. austrina specimens at the Sugar Loaf Creek are a nondiverse ßoral assemblage composed of other types of fern-like foliage and sphenopsid and lycopsid stems (Morris 1975 (Morris , 1980 . The fern-like foliage has been interpreted as representing pteridosperm (seed fern) plants (Morris 1975 (Morris , 1980 Rigby 1973 Rigby , 1985 , and they are the dominant elements; by contrast, sphenopsid and lycopsid material occur as subordinate elements (Morris 1975; R.I., personal observation) . Based on recent examination of these specimens by R.I. and taxonomic synonymies of plant material from South America and Australia proposed by Iannuzzi and Pfefferkorn (2002) (Fig. 2 , e and f), and T. austrina"minor form" (Etheridge Jr.) in Morris (1975) (Fig. 2aÐ d) . These plant taxa also support an early Serpukhovian date for the deposit.
Three specimens of T. austrina, found in sample AMF-77974, display evidence of plantÐinsect interactions (Figs. 2a and b; 3; and 4dÐf) . These specimens represent fragments of ultimate-order pinnae that bear small, alternately arranged pinnules, also illustrated in unherbivorized specimens (Fig. 2CÐE ). The rachises of T. austrina are robust, smooth or broadly striate, and are 1.2Ð1.8 mm in width. The pinnules are ovate to obovate, sessile, decurrently inserted on the rachis, and they display lateral margins that are entire while the distal margins are broadly rounded, semilobate and diminutively crenulate. Pinnule size extends to 16 mm in length by 8.2 mm in width. The venation is dense, open, and dichotomizes several times before reaching the distal margin. The laminae are apparently thick.
Materials and Methods
Fossil plant material of Late Mississippian age was examined by R.I. at the Australian Museum in Sydney during the course of a broader project investigating Carboniferous biostratigraphic correlations among sedimentary basins of continents that formerly made up the supercontinent of Gondwana. The specimens examined for this study originated from the Sugar Loaf Creek locality at Stroud (Fig. 1) , and they occur at present-day latitude 32Њ 30Ј and longitude 152Њ. This material was originally recovered by various collectors during the late 1800s to early 1900s. Specimens were examined macroscopically under a Wild stereomicroscope, and the photographs in Fig. 2 were taken from a Pentax K-1000 camera using rings of approximation for magniÞcations. Photographs in Fig. 3 were taken by a digital camera on an Olympus SZH stereomicroscope. Separate overlay drawings are provided in Figs. 2b and 4dÐf. Length and width measurements were taken of the major cuspate excisions and the much smaller cuspules forming the scalloped edges, which are listed in Table 1 . Herbivory was demonstrated by 1) a characteristic C-or U-shaped, stereotyped style of excision with subordinate cuspules; 2) distinctive reaction tissue (probably callus) along the damaged margin; and 3) the projection of veinal stringers and truncated vascular tissue deÞning the boundaries between adjacent cuspules within the larger cuspate excision, and as ßaps of necrotic tissue (Labandeira 1998; Fig. 3e , f, and h). These features are distinctly different from abiotic types of foliar damage (Wilson 1980 , Vincent 1990 , Katterman 1990 ). All specimens are deposited at the Paleobotanical Collections of the Australian Museum in Sydney (AMF).
Results
Ichnotaxonomic Assignment. Herbivore damage of this specimen (Figs. 2a and b; 3; and 4dÐf ) is assigned to the ichnotaxon Phagophytichnus ekowskii van Amerom 1966, which consists of isolated (discontinuous) C-or U-shaped excisions of foliar tissues along leaf margins, with evident reaction tissue (often callus). This damage type is equivalent to DT12 in the damage-type system of .
Biostratigraphic Range. The documented stratigraphic range of this type of feeding formerly was Middle Pennsylvanian (van Amerom and Boersma 1971) to Pliocene (Straus 1977) , but the range now has been extended earlier to the earliest Late Mississippian (this study; Fig. 1 ), and it is also abundantly documented in the Recent (Gangwere 1966 , Kazikova 1985 , Johnson and Lyon 1991 . Plant Host. Pteridospermopsida: ?Lyginopteridaceae: Triphyllopteris austrina "minor form" (Etheridge Jr.), in Morris (1975) .
Description. Present are six, moderately preserved, discontinuous, oval-elongate excisions of the foliar margin, ranging from 0.8 to 6.5 mm in width along the margin chord, and from 1.8 to 3.5 mm in depth (Table  1) , rimmed with a robust and darkened reaction tissue, best seen in Fig. 3aÐ c, e, and i. Within the larger excisions are mostly an uninterrupted series of smaller, subordinate cuspules ranging in size from 0.2 to 0.4 mm long to 0.4 Ð 0.7 mm wide (Table 1) . These cuspules are often separated by projecting veinal stringers or truncated vascular tissue (Fig. 3g , i, and k), and in other cases ßaps of (necrotic) tissue project beyond the darkened reaction rim (Fig. 3b , f, and h). Distinct reaction rims of variably thickened scar tissue line the six excisions (Fig. 3c , e, and f).
Interpretation. The large-scale removal of foliar tissue is interpreted herein as a result of extensive cuspate margin-feeding activity (Coulson and Witter Fig. 4d and e; and P. ekowskii b is illustrated in Fig. 4d and f ; also see Fig. 2a ). Clear reaction-tissue rims are evidenced by the thickened and darkened edge surrounding the damaged foliar margin, which may be attributable to callus tissue. The presence a scalloped edge along the incised foliar margin of most of the cuspate excisions suggests repeated backward rotations of the head of a marginfeeding orthopteroid or related and similarly feeding insect (Fig. 4aÐ c) . Each rotation represents a feeding event that would result in a cuspule on a foliar margin and eventually be equivalent to bolus sections in an insect fecal pellet or coprolite found in Pennsylvanianage deposits (Labandeira and Phillips 2002) . This type of feeding is similar to that described for extant orthopteroid insects by Gangwere (1966) and Kazikova (1985) , which range from plant host generalists to specialists (Isely 1938 , Otte and Joern 1977 , Jones and Firn 1979 , Rowell et al. 1983 . A modern orthopteroid mode of feeding is illustrated in Fig. 4c , and resulting types of damage in Fig. 4a and b (Gangwere 1966), where they are compared with the pattern of fossil damage ( Fig. 4e and f) .
Remarks. These six C-or U-shaped hemispherical excisions occur along the margin of a richly veined pteridosperm pinnule margin and are characterized by a thickened and often scalloped rim of reaction tissue, thus providing strong evidence that this feature has resulted from the consumption of live foliar tissue. This plant damage is consistent with a generalized, folivorous orthopteroid insect with strong, mandibulate mouthparts both in terms of overall shape of P. ekowskii and the subordinate spacing and dimensions of cuspules ( Fig. 4e and f ; Table 1 ; Gangwere 1966 , Labandeira 1997 ). However, the temporal placement of this trace fossil is 6 m.y. before the earliest occurrence of insect body fossils with relevant mandibulate mouthparts (Brauckmann et al. 1995 )Ñthe latter event marked by the sudden appearance of Ϸ12 orders of insects during the Mississippian to Pennsylvanian boundary (Labandeira 1994 , Brauckmann et al. 1995 and representing the commencement of the pterygote fossil insect record. Thus, P. ekowskii presents an interesting issue for inferring a culprit that may have caused this damage. A temporal disjunction occurs between the earliest documented appearance of distinctive plant damage with that of a delayed bodyfossil record of potential culprits. Such a temporal disjunction is a recurring theme throughout the fossil recordÑ one that contrasts a temporally older plantÐ insect associational record with a relevant but younger body-fossil record that can supply culprit taxa (Scott et al. 1992 , Labandeira 2007 .
A much less likely culprit is a diplopod myriapod (Zherikhin 2002) . Rare body fossils of diplopods and other litter inhabiting and ground dwelling myriapod taxa occur from the Devonian to the MississippianÐ Pennsylvanian boundary (Wilson and Shear 2000, Wilson et al. 2005 ) but also extend in greater abundance to the Pennsylvanian (Hannibal 1997). Given this context, it is important that Mississippian triphyllopteroid-type fronds such as T. austrina are thought to correspond to branchlets born on a much-branched and elevated plant (Knaus 1994) , suggesting arborescence or minimally shrubiness. Based on evidence from the inferred elevated stature of the T. austrina plant and the feeding ecology of extant (Hopkin and Read 1992) and fossil (Shear and Kukalová-Peck 1990 , Kraus and Kraus 1994 , Hannibal 1997 myriapods, their occupation of aerial canopy habitats and the consumption of live foliage was highly unlikely (but see Retallack and Dilcher 1988) .
Paleozoic History of Folivory. Devonian. Although folivory is now documented for the Late Mississippian (earliest Serpukhovian), and the earliest documented leaves (megaphylls) are rare occurrences from the Early Devonian (Fig. 1, middle) , earlier, precursor types of herbivory are known from damaged external tissues of leaßess plant shoots that occur principally from the Early and Middle Devonian of Euramerica (Hotton et al. 1996 , Labandeira 1998 ; but see Shear and Selden 2001) . Most relevant to the Late Mississippian occurrences of external herbivory are surface abrasion wounds on the peridermal and epidermal stem tissues of Psilophyton dawsoni Banks, Leclercq and Hueber (Banks 1981, Banks and Colthart 1993) and Psilophyton coniculum Trant and Gensel (Trant and Gensel 1985) , from the Lower Devonian (Emsian) of Canada at Gaspé, Quebec, and northern New Brunswick. This type of external herbivory indicates that mandibulate microarthropods had the capability for chewing or otherwise abrading live, three-dimensional plant organs such as erect stems before or during the initial appearance of leaves. This damage contains reaction tissue, including callus, which indicates consumption of live stem tissue. A culprit for such damage remains unknown, although mandibles from an earlier arthropod, Rhyniognatha hirstii (Hirst and Maulik 1926), have been redescribed by Engel and Grimaldi (2004) , and based on its mouthparts, may be consistent with exophytic plant consumption (also see Labandeira 1997) . These mandibles originate from the earlier (Pragian) Rhynie Chert of Scotland, and the deposit contains evidence for the consumption of inner parenchymatic tissues and sporivory as indicated by coprolites (Habgood et al. 2004) .
Early Carboniferous (Mississippian). There is a quantum increase in the abundance of laminate leaves in ßoras worldwide, commencing during the Early Visean, approximately at 340 Ð345 Ma (Fig. 1) . However, herbivore associations throughout the Mississipwispy veinal stringers, one of which is indicated by an arrow. A third example of folivory (d), at lower left, is enlarged in h, characterized by a relatively thin reaction rim and a thin ßap of necrotic tissue projecting into the matrix. The last example in d, at upper-right, is an extensive excision with major subordinate cuspules, enlarged in i, and exhibiting a veinal stringer (arrow) that parallels overall venational trend. (j) Triangular excision of a pinnule at the extreme lower left margin of Fig.  2a , less well preserved than the other examples, but enlarged in k, displaying a veinal stringer (arrow). Scale bars: stippled ϭ 5 mm; striped ϭ 1 mm. Gangwere (1966) depicting a parallel-veined grass leaf that bears margin-feeding damage by the orthopteran insect Spharagemon collare (Acrididae: Oedipodinae). The overall trajectory of feeding progresses from right to left (straight arrow), although each individual feeding event is represented by a cuspule forming a localized, semicircular path in the opposite direction, from left to right (curved arrow). Additionally, note veinal stringers along the eaten margin signifying unconsumed vascular tissue. (b) A similar feeding pattern of exists for a reticulate-veined leaf consumed by the orthopteran Spharagemon bolli (Gangwere 1966) , and illustrating the general trajectory of consumption and localized feeding paths as in a. A frontal view of a grasshopper pian are poorly known. Most documented arthropodmediated damage involves detritivory (Chaloner et al. 1991) , such as oribatid mite borings and associated coprolites in the secondary tissues of lyginopterid pteridosperms of Serpukhovian age (Tomescu et al. 2001 , Dunn et al. 2003 , or older Þlicalean ferns such as Botryopteris of mid-Visean age (Rex 1986, Rex and Galtier 1986) . One interesting occurrence is a zygopterid fern, Symplocopteris wyattii, from the older mid Tournasian of Queensland, Australia, which bears roots and aphlebiae that contain clusters of microcoprolites within chambers of evacuated tissue, probably bearing reaction tissue indicating herbivory (Hueber and Galtier 2002) . These aphlebiae are linear, appendiculate structures on stems that, unlike leaves, are supplied by one vascular strand, and they have highly three-dimensional but not planated cross sections.
Late Carboniferous (Pennsylvanian). The fossil record of folivory, until now, extended to the early Middle Pennsylvanian (Moscovian) of equatorial Euramerica (van Amerom 1966; van Amerom and Boersma 1971; Scott and Taylor 1983; Scott et al. 1992; Labandeira 1998 Labandeira , 2002 . A notable absence of evidence for folivory characterizes the Early Pennsylvanian (Bashkirian to early Moscovian). For the Middle Pennsylvanian Moscovian, there are many occurrences. Evidence of herbivory from this interval consists principally of three-dimensional plant damage from British coal-ball material (Seward 1906; Jeffrey 1906; Stopes 1907; Holden 1910 Holden , 1930 De Witt West 1962) , and it is contrasted to considerably fewer examples from the compression or impression record (e.g., van Amerom and Boersma 1971). Folivory becomes more widespread, albeit still at relatively low levels, during the late Moscovian, particularly in the Illinois Basin, and historically has been best demonstrated for the medullosan seed fern compression taxon Macroneuropteris scheuchzeri (Hoffmann) (Cleal et al. 1990 ), although other medullosan foliage such as Odontopteris and marattialean fern pinnules such as Pecopteris exhibit limited damage (Mü ller 1982 , Scott and Taylor 1983 , Labandeira and Beall 1990 , Trout et al. 2000 . From taphonomically very different, carbonate permineralized coal-ball deposits, foliar herbivory apparently picks up during the Late Pennsylvanian (Kasimovian) in peat substrated, coalswamp forests of the Illinois and other Euramerican basins. In these deposits, the overwhelmingly attacked foliar taxon is an Alethopteris species representing medullosan foliage, and rarely Pecopteris and the cordaite Cordaites (Labandeira 1998 (Labandeira , 2001 Rö §ler 2000) .
Permian. By the middle Artinskinan of the Early Permian, the type and level of folivory increases dramatically in Euramerica, but in extrapaludal, mostly ßuvially associated habitats characterized by mineralic substrates and mesic vegetation such as those described ßoristically by DiMichele et al. (2000 DiMichele et al. ( , 2004 . One such occurrence is a riparian woodland ßora from north-central Texas (Beck and Labandeira 1998 ) that features a diverse spectrum of damage types and an elevated level of herbivory especially on "gigantopterid" hosts, which probably are peltaspermous in taxonomic afÞnity. This damage includes skeletonization, surface abrasion, and intercostal hole-feeding where large swaths of lamina are removed between secondary veins. This type of herbivory also is reproduced on true gigantopterid taxa in younger late Early Permian Kungurian and early Middle Permian Roadian deposits in Cathaysia (Glasspool et al. 2003) . By contrast, another, older (Sakmarian) site from Texas records a less diverse spectrum of herbivore damage types and levels of herbivory (Labandeira and Allen 2007) . Throughout the Permian, folivory, especially marginfeeding, but also ovipositional damage, is documented throughout high-latitude Gondwana, although at relatively low levels for the only quantiÞed ßoras, from the Paraná Basin of Brazil (Adami-Rodrigues et al. 2004a,b) . The Late Permian crisis, linked to the reduction of pteridosperm-dominated ßora worldwide, had a major effect on all types of herbivorous plantÐ insect associations, reßected in the virtual absence of insect-mediated damage in the few known Early Triassic ßoras (Labandeira 2002 (Labandeira , 2007 .
Discussion
The earliest documented occurrence of external foliage feeding, now recorded for the Late Mississippian, provides for a discussion of three associated and salient issues. They are 1) the issue of major ecological lags between the origin of land plant leaves and their subsequent consumption by herbivores; 2) the contrast between older plantÐinsect associational data versus younger body-fossil data that may identify culprits for the older associations; and 3) the emerging, distinctive pattern of pteridosperms as the favored plant host for Paleozoic folivores. Table 1 . Two examples of P. ekowskii in d are enlarged in e and f, corresponding, respectively, to Specimens 1-a and 2-d in Table 1 . Enlargements e and f illustrate the inferred path of overall cuspate feeding (straight arrow) and localized feeding trajectories of several cuspule feeding events (curved arrows). aÐc was redrawn from Gangwere (1966). Scale bars: solid ϭ 1 cm; striped ϭ 0.1 cm.
of early land-plant phylogeny (Boyce 2005a ). The earliest leaf-like structures were simple linear structures (microphylls) borne by the Lycopsida during the latest Silurian immediately before 416 Ma, which became common in Early Devonian ßoras (Bonamo et al. 1988 ). The sister-group to the Lycopsida, the Euphyllophytopsida, diversiÞed during the subsequent Devonian, producing four major clades, each of which convergently produced megaphyllous leaves that were laminate and multiveined. The four lineages within the Euphyllophytopsida that convergently evolved structurally similar leaves beginning in the Early Devonian and expanding during the Middle and Late Devonian were, from oldest to youngest, 1) progymnosperms, 2) sphenopsids, 3) ferns, and 4) seed plants (Boyce 2005a,b) . Earlier representatives of these clades bore leaßess, photosynthetic stems with stomata and subepidermal airspaces analogous to foliar mesophyll tissue (Edwards 1993). The earliest known leaf is Eophyllophyton bellum Hao and Beck (Hao and Beck (1993) ), a progymnosperm of the mid-Early Devonian (Pragian) of Yunnan, China; by contrast, the earliest herbivorized leaf is the seed plant pteridosperm T. austrina, the last appearing leaf-bearing clade in this fourfold series. This represents a lag of 76 m.y. between the origin of leaves and the earliest evidence for their consumption, although this time lag is signiÞcantly shortened if only seed plant leaves are considered, whose earliest occurrence is the comparatively younger, early Late Devonian (Fig. 1, left) .
The presence of a rich, Ϸ 410 m.y. record of megaphyll leaves in the fossil record should offer data for tracking the origin and early ecological history of folivory. However, current evidence, including this report, indicates that folivory was a delayed strategy. Three reasons for the overall lack of folivory among numerous Mississippian and Early Pennsylvanian leaf ßora were mentioned by Scott and colleagues (1992) . First, folivory appeared late because it was an advanced and difÞcult dietary habit for terrestrial arthropods and thus its chronological delay is expected (also see Southwood 1973) . Second, most leaves appeared relatively late in terms of major vascular plant structural innovations, and they became diverse during the later Carboniferous, although it is now evident that the origin of leaves occurred iteratively throughout the Devonian and Mississippian (Boyce and Knoll 2002) . And third, specimens with folivory have yet to be found, and thus their delay is more apparent than real. According to Scott and colleagues (1992) , folivory is "relatively rare" in the Pennsylvanian, from which it can be inferred that earlier folivory may not exist.
Given this context, especially the Þrst point above, Southwood (1973) proposed three different reasons from an understanding of insect physiology that account for the Paleozoic delay in herbivory. Based on modern studies, the "hurdles" proposed by Southwood (1973) were physiological problems for early arthropod herbivores that involved 1) desiccation from aerial exposure; 2) difÞculties of attachment to plant host surfaces; and 3) the relatively poor quality of plant food, including nitrogen-poor tissues, and circumvention of host plant biochemical defenses (see also Strong et al. 1984) . Given the preeminent role of secondary compounds determining current foliage palatability (Price 1997 , Schowalter 2000 , some have proposed that secondary compounds initially were a by-product of metabolic biosynthetic pathways that were either passively produced or alternatively used for physical protection, such as ßavonoids for warding off UV light absorption (Cooper-Driver 2001) . Subsequently, as herbivores became ecologically important, secondary compounds became actively selected as a plant antiherbivore defenses to reduce food palatability and nutrient assimilation rates, such as the crucial role that phenolics provide in herbivore deterrence (Feeny 1976 , Bernays et al. 1989 . There is evidence that some Paleozoic seed plant lineages, such as medullosans, were producing noxious secondary compounds (Bergen et al. 1995) , which also may have been co-opted secondarily for antiherbivore defenses (Swain 1978) .
With regard to the cooptation of secondary compound defenses, Beerling et al. (2001) pointed out that the widespread appearance of megaphyll leaves, with their branched venation and planated form, did not occur until the latest Devonian at Ϸ360 m.y. ago. Thus, planated megaphyll leaves became more abundant among Late Devonian and Mississippian ßora, despite their remote origin during the Early Devonian (Hao et al. 2003) . This potential food resource nevertheless may have been sufÞciently rare during this interval that folivory was not a preferred feeding strategy, explaining the prolonged temporal lag.
Folivory Temporally Precedes Body-Fossil Evidence for Their Folivores. A related issue is Þrst-occurrence data involving earlier trace-fossils and relevant later body-fossils in the assessment of plantinsect associations and their responsible culprits. Although this issue has been discussed previously (Scott et al. 1992 , Zherikhin 2002 , Labandeira 2007 , it has been long recognized as a recurring theme in the fossil plantÐinsect associational literature (Labandeira 2007) , and it has currency within the sedimentary ichnological literature as well (Genise 2004 , Hasiotis 2004 . A germane example from the plant-insect associational record is the temporal disjunction between the presence of leafminer damage on Early Cretaceous angiosperm leaves and the signiÞcantly younger and relevant lepidopteran body-fossil record (Kozlov 1988 . For the present case of folivory and their likely insect herbivores, a temporal disjunction of 6 m.y. has major implications for the putative presence of Late Mississippian insect clades and the sudden appearance of a diverse assemblage of the earliest known pterygote insects at the MississippianÐPennsylvanian boundary (Brauckmann et al. 1995 ; Fig. 1, left) . The alternative hypothesis that a diplopod was responsible for this damage would require major shifts in understanding of the feeding roles and life habits of Paleozoic diplopods, an unlikely prospect.
Primitively ßightless fossil hexapods occur in Early and Middle Devonian deposits. However, these Devonian fossils are collembolans and archaeognathans (Hirst and Maulik 1926; Shear et al. 1984; Labandeira et al. 1988) , and exclude pterygote insects, with the possible exception of a reevaluated pair of Early Devonian mandibles by Engel and Grimaldi (2004) . It is not until the Mississippian to Pennsylvanian boundary (318 Ma; Brauckmann et al. 1995) that the fossil record of winged insects begins, thus establishing a 65-m.y. gap between the earliest known hexapods and the appearance of documented winged insects. Put another way, because there are no known hexapods from the interval ranging from the Upper Devonian to the MississippianÐPennsylvanian boundary, there is a 6-m.y. gap between the folivory on Triphyllopteris and the oldest winged insect that was a likely consumer of this pteridospermÕs foliage. If the occurrence of the earliest Late Mississippian P. ekowskii is attributable to an herbivorous, mandibulate insect such as a "protorthopteroid" clade, then not only the radiation of pterygote insects was 6 m.y. than previously suspected, but also the involvement of at least some species of this clade with pteridosperm folivory was a previously unrecognized, early ecological dimension of this radiation (see Zherikhin 2002) . A more taxonomically circumscribed, orthopteroid culprit clade could have been true Orthoptera, which have their earliest occurrence in the late Middle Pennsylvanian (Sharov 1971 ) and would represent an even greater time gap of 17 m.y. (Fig. 1, left) .
Pteridosperms Were the Favored Plant Hosts on Which Paleozoic Folivory Was Launched. An important aspect about the occurrence of folivory on Australian T. austrina is that it is a member of an early pteridosperm group of seed plants. Together with ferns, seed plant foliage represents a greater complexity in venational pattern than for previous leaf originations (Boyce 2005b ). Triphyllopteroid foliage is such an example, and has been referred to the pteridosperms by many authors (Skog and Gensel 1980 , Meyen 1987 , Taylor and Taylor 1993 , Vega and Archangelsky 2001 . Although Mississippian age fronds of Triphyllopteris-type from the Laurasian Realm have been included in the family Calamopityaceae (Taylor 1981 , Meyen 1987 , Taylor and Taylor 1993 , sterile fronds referred to Triphyllopteris from the mid-Carboniferous (latest Mississippian to Early Pennsylvanian) Gondwanan Realm can be related to another austral family of lyginopterid afÞnity, the Austrocalyxaceae (Vega and Archangelsky 2001) . Notably, coeval Mississippian pteridosperm reproductive structures (seeds and ovulate organs) found throughout Gondwana resemble most closely the Lyginopteridaceae (Morris 1985 , Erwin et al. 1994 , Cé sari 1997 . Thus, given the apparent absence of calamopityacean remains in the Carboniferous deposits of Gondwana and the fact that triphyllopteroid fronds were probably common to more than one plant family, T. austrina is herein assigned, albeit questionably, to the Lyginopteridaceae.
During the subsequent Middle Pennsylvanian to Late Permian interval, besides the Lyginopteridaceae Scott 1988, Dunn et al. 2003) , folivory has been documented in other pteridosperm groups, such as Medullosaceae (van Amerom 1966 , van Amerom and Boersma 1971 , Mü ller 1982 , Scott and Taylor 1983 , Labandeira and Beall 1990 , Castro 1997 , Trout et al. 2000 , Gigantopteridaceae (Glasspool et al. 2003) , unassigned gigantopterid-like taxa (Beck and Labandeira 1998) , Peltaspermaceae (Meyen 1984 , Kerp 1988 , Labandeira and Allen 2007 , Ginkgoaceae (Cú neo 1987) , and Glossopteridaceae (Plumstead 1963; van Amerom 1966; Chandra and Singh 1996; Srivastava 1987; Holmes 1995; Adami-Rodrigues et al. 2004a,b) . Many of these clades are distantly related Serbet 1994, Hilton and Bateman 2006) , although they collectively are referred to a group with an excess of plesiomorphic over apomorphic characters when compared with Mesozoic and Recent seed plants. In addition to structures such as medullosacean resin rodlets interpreted as chemical defenses (Bergen et al. 1995) , other features such as touch-sensitive glandular trichomes (Krings et al. 2002) have been interpreted as physical defense for protection against arthropod folivory. By comparison, minimal folivory has been documented for co-occurring cordaitalean, coniferalean, cycadophyte and various pteridophyte clades (Labandeira 1998) . Collectively, this pattern for the origin and subsequent spread of folivory indicates that of the four vascularplant clades that evolved leaves during the Devonian and earlier MississippianÑprogymnosperms, sphenopsids, ferns, and seed plantsÑit was the seed plants (as pteridosperms) that became overwhelmingly dominant hosts for folivores.
This pattern of the expansion of folivory occurred globally, although the timing differs in Laurasia (mostly Euramerica), Gondwana, and Cathaysia. In Euramerica, folivory is recorded minimally in equatorial wetlands during the Middle Pennsylvanian, increased signiÞcantly in the Late Pennsylvanian (Labandeira 2001), and was followed during the Permian by expansion principally onto different pteridosperm clades in the ßuvial environments of dryer regions with mineralic soils (Beck and Labandeira 1998, Labandeira and Allen 2007) . By contrast, in Gondwana folivory commenced during the later Mississippian, but it was disrupted subsequently by either glaciation or the secondary effects of periglacial environments during the Pennsylvanian and earliest Permian (Gastaldo et al. 1996) . This was followed by renewed folivory throughout the ensuing Permian across the supercontinent (Plumstead 1963; Srivastava 1987; McLoughlin 1994a,b; Adami-Rodrigues and Iannuzzi 2001) . Little is known of Paleozoic folivory for Cathaysia, although limited occurrences of folivory are documented for the mid-Permian (Glasspool et al. 2003) . The trend of preferential use of pteridosperm hosts by folivores persisted to the end of the Paleozoic in Laurasia, Cathaysia and Gondwana (Labandeira and Allen 2007) , and it has continued on more derived lineages of seed plants to the present day, albeit in modiÞed form in spite of more recent colonization of pteridophytes by varied insect herbivores (Balick et al. 1978, Auerbach and Hendrix 1980) .
Conclusions
Five conclusions are drawn from this study of early insect folivory and an analysis of the earliest records of other types of folivory. These conclusions have implications regarding the early evolution of folivory among some of the oldest, well-documented terrestrial ecosystems.
1. The oldest documented occurrence of insect-mediated folivory in terrestrial ecosystems consists of cuspate excisions of P. ekowskii on the pinnule margins of T. austrina from the earliest Late Mississippian (earliest Serpukhovian) of the Sydney Basin, Australia. 2. The likely culprit of this folivory is a "protorthopteroid" or otherwise a basal orthopteroid insect. However, a 6-m.y. lag exists between the occurrence of this folivory (earliest Serpukhovian) and the subsequent appearance in the body-fossil record of a likely insect taxon at the MississippianÐPennsylvanian boundary that reasonably could be considered a folivore. 3. A lag of 76 m.y. occurs between the earliest appearance of leaves in the fossil record and their initial consumption by an insect herbivore. 4. The origin and subsequent expansion of Paleozoic folivory is repeatedly associated with seed plants, overwhelmingly pteridosperms, rather than other seed plant clades and three other clades of vascular plantsÑprogymnosperms, sphenopsids, and fernsÑfrom which leaves have independently originated. 5. Trace fossil data from plant-insect associations can provide valuable evidence for documenting insect feeding patterns that are unavailable from the relevant body fossil record.
